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As  water  flows  from  treatment  plants  to  the  tap,  chlorine,  used  to  disinfect  surface  water  meant  for  residential 
use,  reacts  with  residual  organic  and  inorganic  matter,  creating  chlorine  disinfection  by-products.  In  recent  years, 
these  by-products  have  been  scrutinized  as  a  potential  reproductive  and  developmental  hazard.  This  study  ex¬ 
amined  whether  exposure  to  the  four  total  trihalomethanes  or  the  five  haloacetic  acids  (two  major  subgroups  of 
chlorine  disinfection  by-products)  was  related  to  an  increased  risk  of  intrauterine  growth  retardation  in  four  regions 
of  a  Maryland  county  from  1 998  to  2002.  Maternal  exposure  to  each  by-product  was  evaluated  for  each  trimester  as 
well  as  over  the  entire  pregnancy.  The  authors  were  not  able  to  demonstrate  any  consistent,  statistically  significant 
effect  on  intrauterine  growth  retardation  associated  with  any  of  the  chlorine  disinfection  by-products,  nor  did  they 
find  any  indication  of  a  dose-response  relation.  However,  they  did  find  some  potential  for  a  slightly  elevated  risk  of 
intrauterine  growth  retardation  during  the  second  and  third  trimesters  for  both  total  trihalomethanes  and  five  halo¬ 
acetic  acids  when  comparing  increasing  quintiles  of  exposure  to  constituents  of  total  trihalomethanes  and  five 
haloacetic  acids. 

chlorine;  disinfectants;  fetal  growth  retardation;  trihalomethanes;  water  supply 


Abbreviations:  CDBPs,  chlorine  disinfection  by-products;  Cl,  confidence  interval;  HAA5,  five  haloacetic  acids;  IUGR, 
intrauterine  growth  retardation;  OR,  odds  ratio;  TTHM,  total  trihalomethane. 


Since  the  early  1900s,  chlorine,  a  water-soluble  disinfec¬ 
tant,  has  been  used  in  the  treatment  of  drinking  water  to 
decrease  the  incidence  of  waterborne  infectious  diseases, 
significantly  reducing  morbidity  and  mortality  in  the  United 
States  (1).  Its  use  results  in  the  formation  of  chlorine  disin¬ 
fection  by-products  (CDBPs),  high  levels  of  which  have 
recently  been  suggested  to  cause  numerous  adverse  health 
outcomes  (2). 

In  the  1980s  and  1990s,  CDBPs  were  investigated  be¬ 
cause  of  increased  concerns  that  they  may  be  carcinogenic. 
Cohort  and  case-control  studies  evaluated  cancers  of  the 
bladder,  colon,  pancreas,  and  kidney  (3,  4).  In  1991,  1999, 
and  again  in  2004,  the  International  Agency  for  Research  on 
Cancer  evaluated  the  evidence  of  the  human  carcinogenicity 


of  chlorinated  water  as  well  as  the  by-products  it  produces 
(5).  Although  the  extent  of  the  data  provided  the  Interna¬ 
tional  Agency  for  Research  on  Cancer  with  insufficient  ev¬ 
idence  to  classify  the  by-products  as  carcinogenic,  the 
research  served  as  an  impetus  for  the  US  Environmental 
Protection  Agency  to  establish  maximum  contaminant  level 
goals  for  several  of  the  by-products,  including  total  trihalo¬ 
methane  (TTHM)  and  five  haloacetic  acids  (HAA5)  (6). 

In  recent  years,  CDBPs  have  also  been  scrutinized  as 
potential  teratogens.  Toxicology  studies  evaluating  the  re¬ 
lation  between  TTHM  exposure  and  intrauterine  growth 
retardation  (IUGR)  have  shown  significant  fetotoxicity, 
including  decreased  fetal  body  weight  and  fetal  crown- 
rump  length  in  mice  (7),  rats  (8-10),  and  rabbits  (10). 
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Additionally,  both  dichloroacetic  acid  and  trichloroacetic 
acid  have  been  shown  to  be  teratogenic  in  rats  and  mice  (11). 
However,  these  studies  evaluated  acute  exposures  at  levels 
far  greater  than  expected  for  human  exposure,  likely 
causing  maternal  toxicity,  which  in  turn  could  adversely 
affect  fetal  development  (12).  It  is  unclear  whether  retarded 
fetal  development  is  evident  with  no  apparent  maternal 
toxicity. 

Five  major  reviews  have  evaluated  the  epidemiologic 
evidence  for  adverse  birth  outcomes  related  to  TTHM  expo¬ 
sure  (12-16).  Each  concluded  that,  while  there  appears  to 
be  suggestive  evidence  associating  elevated  TTHM  levels 
with  adverse  reproductive  outcomes,  current  evidence  fails 
to  support  a  dose-response  model.  Overall,  a  weak  positive 
association  is  noted  between  IUGR  and  prenatal  TTHM 
exposure  in  a  total  of  six  studies,  four  showing  a  statistically 
significant  positive  association  (17-22). 

Weaknesses  in  the  assessment  of  TTHM  exposure  also 
limit  the  interpretation  of  epidemiologic  results.  For  exam¬ 
ple,  Kramer  et  al.  (20)  report  an  increased  risk  of  IUGR 
in  women  residing  in  regions  with  high  chloroform  (odds 
ratio  (OR)  =  1.8,  95  percent  confidence  interval  (Cl):  1.1, 
2.9)  and  dichlorobromomethane  (OR  =  1.7,  95  percent  Cl: 
0.9,  2.9)  levels  in  the  water.  However,  these  TTHM  levels 
were  assessed  during  a  regional  drought  and  were  then  ex¬ 
trapolated  to  the  corresponding  study  population  the  follow¬ 
ing  year.  Seasonal  variation  in  water  levels  has  been  shown 
to  correlate  with  TTHM  concentrations  (23),  which  may 
significantly  bias  these  estimates.  Seasonal  fluctuation  in 
TTHM  levels  is  of  concern  in  studies  measuring  TTHM 
quarterly  or  annually  and  then  “averaging”  the  results  to 
biweekly  concentrations  to  estimate  either  trimester-specific 
or  entire  pregnancy  exposure  levels  (18,  19,  21,  22).  Addi¬ 
tionally,  few  epidemiologic  studies  have  evaluated  the  ef¬ 
fects  of  other  CDBPs  such  as  the  HAA5  or  haloacetic 
nitriles. 

The  objective  of  this  study  was  to  determine  whether  in¬ 
creased  TTHM  or  HAA5  levels  in  residential  water  were 
associated  with  an  increased  risk  of  IUGR,  defined  as  af¬ 
fecting  infants  who  are  small  for  gestational  age,  in  four 
regions  of  a  Maryland  county  during  1998-2002. 


MATERIALS  AND  METHODS 
Population 

Monthly  measurements  of  TTHM  for  four  sampling 
points  in  a  Maryland  county  were  obtained  from  the  local 
water  utility  company  for  1997-2002.  Monthly  measure¬ 
ments  of  HAA5  were  obtained  for  1999-2002  only,  when 
the  water  utility  began  consistently  tracking  HAA5  levels. 
The  sampling  points  represented  varying  distances  from  the 
water  treatment  facility.  Measurements  included  specific 
values  for  the  four  trihalomethanes  (bromoform,  chloro¬ 
form,  bromodichloromethane,  and  dibromochlorome thane) 
and  five  of  the  haloacetic  acids  (chloroacetic  acid,  dichloro¬ 
acetic  acid,  trichloroacetic  acid,  bromoacetic  acid,  and  di- 
bromoacetic  acid).  Average  TTHM  and  HAA5  levels  were 
calculated  by  summing  the  constituents. 


Birth  certificate  data  for  the  Maryland  county,  for  which 
individual  identifying  information  was  removed,  were  ob¬ 
tained  from  the  Maryland  State  Department  of  Health  and 
Mental  Hygiene,  Office  of  Vital  Records  for  1998-2002. 
Data  for  only  those  mothers  whose  residences  were  located 
in  zip  codes  corresponding  to  the  water  utility’s  point  mea¬ 
surements  were  used  in  the  analysis.  Multiple  zip  codes  per 
region  were  selected  when  they  were  in  the  same  water 
pressure  zone  and  were  served  by  the  same  water  utility. 
The  analysis  was  restricted  to  singleton  livebirths  in  which 
the  infants  were  classified  as  African  American,  Caucasian, 
or  Hispanic  American.  Additionally,  information  on  infants 
born  after  less  than  25  weeks  or  more  than  42  weeks  of 
gestation  was  excluded  from  analysis  because  there  are 
no  known  standards  for  the  outcome  of  interest  in  this 
population. 

Exposure  assessment 

The  primary  exposure  variables,  average  gestational 
TTHM  and  HAA5  levels,  were  computed  from  averaged 
biweekly  TTHM  and  HAA5  measurements  for  the  particu¬ 
lar  region  based  on  the  delivery  date  and  estimated  gesta¬ 
tional  period  for  each  pregnancy.  TTHM  exposure  for 
infants  born  in  the  first  three  quarters  of  1998  was  deter¬ 
mined  by  using  water  sampling  measures  from  1997.  Sim¬ 
ilarly,  infants  born  prior  to  the  last  quarter  of  1999  were 
excluded  from  the  HAA5  analysis  because  of  our  inability 
to  assess  exposure  throughout  the  pregnancy.  Trimester- 
specific  TTHM  and  HAA5  levels  were  also  calculated  for 
each  pregnancy. 

Outcome 

The  primary  outcome  variable,  IUGR,  is  a  measure  com¬ 
monly  used  to  determine  fetal  growth  retardation  (18.  19, 
21).  It  was  defined  as  affecting  an  infant  whose  birth  weight 
was  below  the  10th  percentile  for  gestational  age  (adjusted 
for  sex  and  race)  by  using  standards  compiled  from  US 
Census  data  (24,  25). 

Potential  confounders 

Demographic  variables  available  in  the  vital  records  and 
known  to  be  associated  with  the  primary  outcome  were 
evaluated,  including  mother’s  age,  maternal  weight  gain, 
race/ethnicity  of  the  child,  adequacy  of  prenatal  care 
(determined  by  the  Kessner  Index)  (26),  marital  status, 
tobacco/cigarette  use,  and  alcohol  consumption.  Not  all 
possible  confounders  (specifically  socioeconomic  factors) 
could  be  evaluated  given  our  dependency  on  data  obtained 
from  vital  records.  However,  maternal  residence  was  eval¬ 
uated  to  determine  whether  region  was  an  independent  pre¬ 
dictor  of  the  outcome  by  evaluating  the  association  between 
mother’s  residence  in  one  of  the  four  regions  and  IUGR. 

Analysis 

The  association  between  IUGR  and  the  primary  exposure 
variable  and  confounders  was  explored  by  univariate 
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methods.  Continuous  variables  were  analyzed  by  using 
Student’s  t  test  and  categorical  variables  by  the  Mantel- 
Haenszel  chi-square  test.  To  evaluate  the  linearity  assump¬ 
tion  for  continuous  variables  (e.g.,  mother’s  age)  to  be 
included  in  the  model,  ordered  levels  of  continuous  vari¬ 
ables  were  created  and  plotted  against  the  log  odds  of  IUGR 
for  each  ordered  level.  Variables  failing  to  demonstrate  a 
linear  relation  were  appropriately  categorized.  Risk  factors 
for  fetal  growth  restriction  have  been  reported  extensively 
elsewhere  (27)  and  are  not  the  subject  of  this  paper,  except 
to  allow  for  appropriate  control  of  covariates  in  this 
analysis. 

A  logistic  regression  model  was  used  to  evaluate  the  re¬ 
lation  between  exposure  to  TTHM  or  HAA5  and  IUGR 
while  adjusting  for  potential  confounders.  In  addition  to 
averaged  TTHM  and  HAA5  levels,  each  of  the  component 
CDBPs  was  evaluated  separately  as  a  primary  exposure 
variable.  Predictor  variables  whose  univariate  test  showed 
a  p  value  of  <0.25  in  relation  to  the  outcome  were  included 
in  the  regression  model.  By  using  an  iterative  forward 
stepwise  approach,  we  added  variables  one  at  a  time  to  de¬ 
termine  how  they  affected  the  model  (using  the  maximum- 
likelihood  estimation  technique).  The  following  predictor 
variables  were  found  to  be  significantly  associated  with  the 
outcome  variable  and  were  subsequently  included  in  all 
logistic  regression  models:  marital  status,  mother’s  age  dichot¬ 
omized  into  two  nominal  variables  (teen  and  >35  years), 
Kessner  Index,  and  tobacco  use. 

TTHM  and  HAA5  exposure  were  initially  assessed  as 
continuous  variables.  Since  no  linear  association  was  evi¬ 
dent,  the  exposure  variables  were  divided  into  quintiles  and 
were  evaluated  as  both  ordinal  variables  and  nominal  vari¬ 
ables  to  assess  for  trends  associated  with  the  primary  out¬ 
come.  Upper  quintiles  were  compared  with  lower  quintiles  to 
further  evaluate  the  possible  effects  of  differential  exposure. 

Additional  analyses  exploring  current  Environmental 
Protection  Agency-recommended  thresholds  for  TTHM 
and  potential  thresholds  of  other  CDBP  constituents  were 
performed  by  comparing  high  with  low  exposure  levels 
of  CDBPs  for  trimester-specific  and  total  gestational  ex¬ 
posures,  using  increasing  cutpoints  to  define  “high-level 
exposure.”  For  CDBPs  regulated  by  the  Environmental 
Protection  Agency,  we  used  the  established  Maximum  Con¬ 
taminant  Level  Goal  as  cutpoints,  defining  cutpoints  starting 
with  the  median  level  and  increasing  them  incrementally. 
For  CDBPs  not  regulated  by  the  Environmental  Protection 
Agency,  we  started  at  the  median  value  and  increased  the 
cutpoints  incrementally. 

A  correlation  analysis  of  main-effect  exposures  was  per¬ 
formed  by  using  the  standard  correlation. 

For  models  appearing  to  show  the  strongest  effect  for  the 
primary  exposure,  population  attributable  fractions  for  the 
CDBP  and  other  predictor  variables  were  computed  from 
the  logistic  regression  model,  and  confidence  intervals  were 
calculated  based  on  asymptotic  approximations  (28). 

Statistical  analyses  were  conducting  by  using  SAS  ver¬ 
sion  8.1  for  Windows  (SAS  Institute,  Inc.,  Cary,  North  Car¬ 
olina)  and  Stata  version  8  (Stata  Corporation,  College  Park, 
Texas)  software.  Two-tailed  statistical  significance  was 
evaluated  by  using  a  p  value  of  0.05. 


RESULTS 

There  were  18,800  births  in  the  four  regions  of  the  Mary¬ 
land  county  from  1998  to  2002.  A  total  of  713  were  ex¬ 
cluded  from  analysis  because  they  were  not  singleton 
births.  For  15,416  of  the  remaining  18,087  births,  the  child’s 
race/ethnicity  was  recorded  as  African  American,  Cauca¬ 
sian,  or  Hispanic  American.  An  additional  101  births  were 
excluded  because  the  infant’s  gestational  age  was  not  25-42 
weeks,  leaving  a  total  study  population  of  15,315  for  anal¬ 
ysis.  Table  1  shows  the  demographics  of  the  included  study 
population  by  region.  The  ethnicity  of  infants  born  in  re¬ 
gions  1  and  2  was  similar,  with  approximately  15  percent  of 
the  population  classified  as  Caucasian.  Regions  3  and  4  were 
more  diverse,  with  approximately  a  third  of  the  included 
births  in  each  of  the  ethnic  categories. 

In  univariate  analysis,  any  tobacco  use  during  pregnancy 
(OR  =  1.89,  95  percent  Cl:  1.44,  2.49),  lack  of  adequate 
prenatal  care  (OR  =  1.37,  95  percent  Cl:  1.20,  1.56),  and 
having  an  unmarried  (OR  =  1.43,  95  percent  Cl:  1.26,  1.63) 
or  teenage  (OR  =  1.54,  95  percent  Cl:  1.25,  1.91)  mother 
were  all  found  to  be  independently  associated  with  an  in¬ 
creased  risk  of  IUGR.  Maternal  residence  in  one  of  the  four 
geographic  regions  was  not  associated  with  IUGR  ip  =  0.9). 
Alcohol  consumption  during  pregnancy  (yes/no)  was  not 
associated  with  an  increased  risk  of  IUGR  (OR  =  1.24,  95 
percent  Cl:  0.69,  2.26). 

As  noted  elsewhere  (29),  there  was  seasonal  fluctuation  in 
the  levels  of  both  TTHM  and  HAA5,  which  were  higher 
during  the  summer  months  (figures  1  and  2).  This  finding 
was  similar  in  each  of  the  four  regions  (data  not  shown). 
While  collinear,  there  were  differences  between  compo¬ 
nent  TTHM  and  HAA5.  Mean  CDBP  exposure  levels  were 
similar  during  each  trimester  for  each  of  the  four  regions 
(table  2),  with  trimester-specific  exposure  levels  varying 
from  14  ppb  to  179  ppb  for  TTHM  and  from  27  ppb  to  64 
ppb  for  HAA5. 

Since  there  was  no  apparent  linear  relation  between  CDBP 
exposure  and  the  log  odds  of  IUGR,  exposure  levels  for 
each  of  the  TTHM  and  HAA5  constituents  were  divided  into 
quintiles  for  each  trimester  and  for  the  entire  pregnancy. 
Each  CDBP  was  modeled  to  assess  its  relation  to  the  outcome 
by  comparing  increasing  quintile  levels  (tables  3  and  4). 

Analyses  for  both  TTHM  and  HAA5  seemed  to  indicate 
an  increased  risk  of  IUGR  (nonsignificant  for  TTHM,  sig¬ 
nificant  for  most  quintiles  of  HAA5)  during  third-trimester 
exposure  for  exposures  at  the  second  quintile  and  above. 
However,  this  finding  was  not  evident  when  the  constituent 
exposures  were  analyzed  (with  the  exception  of  dichloro- 
acetic  acid  and  trichloroacetic  acid).  In  addition,  there  did 
not  appear  to  be  an  increased  risk  of  IUGR  with  increasing 
quintiles  of  either  the  constituent  or  the  summary  TTHM  or 
HAA5  (dose  response). 

In  an  effort  to  further  evaluate  for  an  effect,  we  compared 
the  upper  two  quintiles  (4  and  5)  with  the  lowest  two  quin¬ 
tiles  (1  and  2)  for  TTHM,  HAA5,  and  all  constituents.  The 
results  showed  a  slight,  nonsignificant  increased  risk  of 
IUGR  for  all  constituent  CDBPs  except  chloroform  and 
trichloroacetic  acid  during  the  second  trimester,  and  a  simi¬ 
lar  slight,  nonsignificant  increased  risk  for  all  CDBPs  except 
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TABLE  1.  Demographics  for  singleton  births  in  four  regions  of  a  Maryland  county,  1998-2002 


Region  1  Region  2  Region  3  Region  4  Total 

(n  =  1,780)  (n  =  749)  (n=  6,010)  (n  =  6,776)  (n  =  15,315) 


No. 

% 

No. 

% 

No. 

% 

No.  % 

No. 

% 

Gender 

Male 

906 

50.9 

371 

49.5 

2,998 

49.9 

3,382  49.9 

7,657 

50.0 

Female 

874 

49.1 

378 

50.5 

3,012 

50.1 

3,394  50.1 

7,658 

50.0 

Race/ethnicity 

African  American 

140 

7.9 

57 

7.6 

1,595 

26.5 

2,044  30.2 

3,836 

25.1 

Caucasian 

1,549 

87.0 

630 

84.1 

2,375 

39.5 

2,143  31.6 

6,697 

43.7 

Hispanic  American 

91 

5.1 

62 

8.3 

2,040 

33.9 

2,598  38.2 

4,782 

31.2 

Teenage  mother 

16 

0.9 

43 

5.7 

445 

7.4 

498  7.4 

1,002 

6.5 

Mother  aged  >35 
years 

608 

34.2 

137 

18.3 

955 

15.9 

1,155  17.1 

2,855 

18.6 

Tobacco  use  during 
pregnancy 

9 

0.5 

55 

7.3 

238 

4.0 

181  2.7 

483 

3.2 

Alcohol  consumption 
during  pregnancy 

17 

1.0 

4 

0.5 

50 

0.8 

64  1.0 

135 

1.0 

Marital  status 

Single 

79 

4.4 

131 

17.5 

1,784 

29.7 

2,074  30.6 

4,068 

26.6 

Married 

1,701 

95.6 

618 

82.5 

4,226 

70.3 

4,702  69.4 

1 1 ,247 

73.4 

Adequacy  of  prenatal 
care* * * § 

Adequate 

1,466 

82.3 

598 

79.8 

4,214 

70.1 

4,987  73.6 

1 1 ,265 

73.6 

Intermediate 

304 

17.1 

144 

19.2 

1,725 

28.7 

1,730  25.5 

3,903 

25.5 

Inadequate 

10 

0.6 

7 

0.9 

71 

1.2 

59  0.9 

147 

1.0 

Mean 

95% 

CI+ 

Mean 

95% 

Cl 

Mean 

95% 

Cl 

..  95% 

Mean  ^ 

Mean 

95% 

Cl 

Mother’s  age  (years) 

33.7 

33.5, 

33.9 

30.0 

29.5, 

30.4 

29.0 

28.9, 

29.2 

29.1  29.0, 

29.3 

29.6 

29.5, 

29.7 

Maternal  weight  gain 
(pounds!  )§ 

30.6 

30.1, 

31.1 

30.7 

29.8, 

31.6 

29.5 

29.2, 

29.8 

29.8  29.5, 

30.1 

29.8 

29.6, 

30.0 

Gestational  age 
(weeks) 

38.8 

38.8, 

38.9 

38.9 

38.8, 

39.0 

38.8 

38.8, 

38.9 

38.7  38.7, 

38.8 

38.8 

38.8, 

38.8 

No. 

% 

No. 

% 

No. 

% 

No.  % 

No. 

% 

lUGRf 

126 

7.1 

50 

6.7 

441 

7.3 

497  7.3 

1,114 

7.3 

*  Determined  by  the  Kessner  Index. 

f  Cl,  confidence  interval;  IUGR,  intrauterine  growth  retardation, 

f  One  pound  =  0.454  kg. 

§  A  total  of  1 1 1  observations  were  recorded  as  0  (region  1 :  n  =  9;  region  2:  n  =  3;  region  3:  n  =  48;  and  region  4:  n  =  51 ).  One  observation  in 
region  3  was  coded  as  99  and  was  excluded  from  the  analysis. 


dibromochloromethane  and  bromodichloromethane  in  the 
third  trimester. 

No  significant  increases  in  risk  were  found  in  our  thresh¬ 
old  analysis  comparing  high  with  low  TTHM  exposure  lev¬ 
els.  However,  we  did  find  a  pattern  of  elevated  risk  (adjusted 
ORs  =  >1.10)  for  TTHM  at  outpoints  above  70  ppb  for 
third-trimester  exposure  (table  5).  The  pattern  varied  for 
the  trihalomethane  constituents,  with  chloroform  demon¬ 
strating  a  nonsignificant  increasing  risk  with  increasing 
cutpoints  (ranging  from  >35  ppb  to  >50  ppb)  in  the  third 
trimester,  bromoform  appearing  to  show  a  pattern  of  ele¬ 
vated  risk  at  third-trimester  levels  of  more  than  0.35  ppb, 


and  dibromochloromethane  appearing  to  indicate  a  consis¬ 
tent  elevated  risk  at  third-trimester  levels  of  more  than 
5  ppb.  No  patterns  of  threshold  or  dose  response  were  seen 
for  exposure  to  total  haloacetic  acids,  but,  for  the  constitu¬ 
ents,  there  seemed  to  be  a  pattern  of  elevated  risk  at 
third-trimester  levels,  with  levels  of  more  than  0.7  ppb  for 
bromoacetic  acid  and  more  than  0.8  ppb  for  dibromoacetic 
acid.  For  dichloroacetic  acid,  there  was  a  statistically  signif¬ 
icant  increased  third-trimester  risk  (ORs  =  1.23)  with  cut- 
points  at  14-15  ppb,  but  not  for  higher  cutpoints. 

We  found  little  to  no  correlation  between  overall  expo¬ 
sure  levels  of  trihalomethanes  and  haloacetic  acids,  nor 
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FIGURE  1.  Seasonal  fluctuation  in  total  trihalomethane  (TTHM)  levels  in  four  regions  of  a  Maryland  county,  1997-2002.  BDCM,  bromodichloro- 
methane;  DBCM,  dibromochloromethane. 


individual  constituent  levels  between  trimesters.  We  also 
evaluated  the  correlation  of  CDBP  exposure  levels  in  which 
there  was  a  significant  or  nonsignificant  effect.  We  found 
a  correlation  between  TTHM  and  HAA5  in  the  third  tri¬ 
mester  ( r  =  0.86,  p  <  0.0001).  An  analysis  of  the  trihalo- 
methanes  and  haloacetic  acid  constituents  showed 
a  moderately  strong  correlation  in  the  second  trimester  (bro- 
moacetic  acid  and  chloroacetic  acid:  r  =  0.66,  bromoacetic 
acid  and  dibromochloromethane:  r  =  0.60,  and  chloroacetic 
acid  and  dibromochloromethane:  r  =  0.67)  and  a  strong 


correlation  in  the  third  trimester  (dichloroacetic  acid  and 
trichloroacetic  acid:  r  =  0.90). 

For  models  seeming  to  show  a  trend  toward  an  elevated 
risk  associated  with  a  CDBP,  we  estimated  the  population 
attributable  fraction  for  the  CDBP  exposure  as  well  as  for 
all  other  predictor  variables  (prenatal  care,  marital  status, 
mother’s  age,  tobacco  use)  included  in  the  model.  Generally, 
all  predictors  in  the  model  accounted  for  15-21  percent 
of  the  risk  of  IUGR.  Depending  on  the  model,  the  popula¬ 
tion  attributable  fraction  for  CDBP  exposure  varied  from 
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FIGURE  2.  Seasonal  fluctuation  in  haloacetic  acid  (HAA)  levels  in  four  regions  of  a  Maryland  county,  1997-2002.  DCAA,  dichloroacetic  acid; 
TCAA,  trichloroacetic  acid;  MCAA,  monochloroacetic  acid;  BAA,  bromoacetic  acid;  DBAA,  dibromoacetic  acid. 
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TABLE  2.  Mean  levels  of  chlorine  disinfection  by-products  in  four  regions  of  a  Maryland  county,  1997- 

2002 

Region  1 

Region  2 

Region  3 

Region  4 

Total 

Mean 

95%  Cl* 

Mean 

95%  Cl 

Mean 

95%  Cl 

Mean 

95%  Cl 

Mean 

95%  Cl 

THM*  levels  (ppb) 

Maximum  TTHM* 

134 

207 

129 

169 

207 

Minimum  TTHM 

14 

24 

17 

18 

14 

TTHM 

41.0 

35.9,  46.1 

70.2 

62.4,  78.0 

45.6 

40.3,  51.0 

53.7 

47.2, 

60.2 

52.7 

49.3,  56.0 

Chloroform 

25.0 

22.8,  27.2 

48.1 

44.4,  51.9 

28.9 

26.4,  31.3 

34.4 

31.4, 

37.3 

34.1 

32.5,  35.7 

BDCM* 

11.7 

10.6,  12.7 

16.1 

14.6,  17.6 

12.8 

11.6,  14.0 

13.2 

12.0, 

14.5 

13.4 

12.8,  14.1 

DBCM* 

4.00 

3.38,  4.60 

5.04 

4.29,  5.78 

4.27 

3.61,  4.93 

4.10 

3.45, 

4.75 

4.35 

4.01, 4.68 

Bromoform 

0.27 

0.21,  0.33 

0.34 

0.27,  0.41 

0.28 

0.21,  0.34 

0.27 

0.21, 

0.33 

0.29 

0.26,  0.32 

HAAS*  levels  (ppb) 

Maximum  HAA5 

68.4 

91.7 

74.9 

90.2 

91.7 

Minimum  HAA5 

12.5 

9.4 

15.1 

21.9 

9.4 

HAA5 

33.9 

31.3,  36.4 

52.3 

48.9,  55.8 

37.9 

35.0,  40.7 

45.7 

42.2, 

49.1 

42.4 

40.7,  44.1 

CAA* 

1.3 

1.0,  1.5 

1.9 

1.3,  2.5 

1.4 

1.0,  1.7 

1.9 

1.4, 

2.3 

1.6 

1.4,  1.8 

DCAA* 

15.0 

13.8,  16.1 

22.1 

20.3,  23.7 

16.4 

15.1,  17.7 

20.2 

18.6, 

21.9 

18.4 

17.7,  19.2 

TCAA* 

16.4 

15.1,  17.7 

26.8 

25.0,  28.6 

18.8 

17.4,  20.2 

22.2 

20.5, 

23.8 

21.0 

20.2,  21.9 

BAA* 

0.65 

0.51,  0.79 

0.78 

0.65,  0.92 

0.65 

0.52,  0.79 

0.72 

0.60, 

0.85 

0.70 

0.63,  0.77 

DBAA* 

0.75 

0.62,  0.88 

0.88 

0.71,  1.04 

0.86 

0.68,  1.04 

0.86 

0.71, 

1.01 

0.84 

0.76,  0.92 

*  Cl,  confidence  interval;  THM,  trihalomethane;  TTHM,  total  trihalomethane;  BDCM,  bromodichloromethane;  DBCM,  dibromochloromethane; 
HAA5,  five  haloacetic  acids;  CAA,  chloroacetic  acid;  DCAA,  dichloroacetic  acid;  TCAA,  trichloroacetic  acid;  BAA,  bromoacetic  acid;  DBAA, 
dibromoacetic  acid. 


1  percent  to  5  percent,  with  confidence  limits  including  zero. 
The  predictor  variables  of  Kessner  Index  and  unmarried  sta¬ 
tus  were  found  to  account  for  4-6  percent  of  the  population 
attributable  fraction,  with  confidence  intervals  greater  than 
zero.  Despite  tobacco  use  being  associated  with  the  highest 
odds  ratio  in  all  of  our  models,  it  accounted  for  less  than  1 
percent  of  the  population  attributable  fraction  because  of  the 
low  prevalence  of  tobacco  use  in  the  study  population. 


DISCUSSION 

We  were  not  able  to  demonstrate  any  consistent,  statisti¬ 
cally  significant  effect  on  IUGR  associated  with  any  of  the 
CDBPs  in  this  study,  nor  did  we  find  any  indication  of 
a  dose-response  relation.  We  did  find  some  potential  for 
a  slightly  elevated  risk  of  IUGR  during  the  second  and  third 
trimesters.  Specifically,  there  was  a  statistically  significant 
elevated  risk  of  IUGR  for  those  exposed  to  higher  levels  of 
HAA5  in  the  third  trimester  and  a  nonsignificant  elevated 
risk  for  those  exposed  to  higher  levels  of  TTHM  during  the 
same  period.  Although  the  third  trimester  is  the  most  im¬ 
portant  in  terms  of  fetal  weight  gain  (during  which  time  the 
fetus  quadruples  in  size)  (30),  it  is  hypothesized  that  insult 
prior  to  the  third  trimester  may  hamper  fetal  growth  during 
this  important  time  by  interfering  with  cellular  division 
(which  predominately  occurs  prior  to  the  third  trimester) 
(31,  32).  This  hypothesis  is  supported  by  Wright  et  al.  (22), 
who  found  an  association  between  high  levels  of  TTHM  in 
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the  second  trimester  and  infants  who  were  small  for  gesta¬ 
tional  age  (OR  =  1.13,  95  percent  Cl:  1.03,  1.24).  TTHM 
constituent  analysis  showed  a  nonsignificant  increased  risk 
of  IUGR  with  exposure  to  high  levels  of  bromoform  during 
each  trimester  and  to  dibromochloromethane  in  the  second 
trimester.  Analysis  of  HAA5  constituents  demonstrated  a 
statistically  significant  elevated  risk  with  exposure  to  bromo¬ 
acetic  acid  in  the  second  trimester  and  a  nonsignificant  ele¬ 
vated  risk  with  exposure  to  chloroacetic  acid  during  the  same 
period.  Exposure  to  higher  levels  of  dichloroacetic  acid  and 
trichloroacetic  acid  in  the  third  trimester  also  showed  a  non¬ 
significant  elevated  risk  of  IUGR. 

In  this  study,  alcohol  consumption  was  not  associated 
with  IUGR  when  evaluated  by  using  the  Mantel-Haenszel 
chi-square  test  and  was  subsequently  excluded  from  the 
final  model.  Heavy  maternal  alcohol  consumption  has  pre¬ 
viously  been  reported  to  be  associated  with  decreased  fetal 
growth;  however,  the  effects  of  light-to-moderate  consump¬ 
tion  on  fetal  growth  are  not  as  clear  (33,  34).  Because  of 
inadequate  records,  we  were  unable  to  quantify  alcohol  con¬ 
sumption  in  this  study  to  determine  the  effects  of  heavy 
consumption  (compared  with  light  and  moderate  consump¬ 
tion)  on  fetal  growth. 

For  measures  of  exposure  (via  zip  code),  outcome,  and 
potential  confounders,  we  relied  on  birth  certificate  informa¬ 
tion.  As  noted  elsewhere,  birth  certificate  data — particularly 
the  fields  that  are  self-reported — can  be  imprecise,  poten¬ 
tially  biasing  a  study’s  results  (35).  However,  it  is  assumed 
that  this  imprecision  would  also  be  nondifferential,  which 
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TABLE  3.  Adjusted  odds  ratios  (95%  Wald  confidence  intervals)*  for  trimester-specific  and  total  gestational  exposure  to  quintiles  of 
TTHMf  ( N  =  15,315)  in  four  regions  of  a  Maryland  county,  1998-2002 

Exposure  anc 

1  Entire  pregnancy 

First  trimester 

Second  trimester 

Third  trimester 

quintile 

ORf 

95%  Wald  Clf 

OR 

95%  Wald  Cl 

OR 

95%  Wald  Cl 

OR 

95%  Wald  Cl 

TTHM 

1 

2 

Reference 

1.01 

0.83,  1.22 

Reference 

0.87 

0.72,  1.06 

Reference 

1.07 

0.88,  1.30 

Reference 

1.18 

0.97, 

1.44 

3 

1.11 

0.92,  1.35 

0.99 

0.82,  1.19 

1.13 

0.93,  1.38 

1.20 

0.99, 

1.46 

4 

0.98 

0.81,  1.20 

0.94 

0.77,  1.14 

1.08 

0.89,  1.32 

1.05 

0.86, 

1.29 

5 

0.98 

0.81,  1.19 

0.87 

0.72,  1.05 

1.06 

0.87,  1.30 

1.17 

0.96, 

1.42 

Chloroform 

1 

2 

Reference 

1.24 

1.02,  1.50 

Reference 

0.88 

0.73,  1.07 

Reference 

1.16 

0.95,  1.40 

Reference 

1.02 

0.84, 

1.24 

3 

1.08 

0.88,  1.32 

1.04 

0.86,  1.25 

1.02 

0.84,  1.24 

0.96 

0.79, 

1.16 

4 

1.12 

0.92,  1.36 

1.03 

0.85,  1.24 

1.04 

0.85,  1.26 

0.98 

0.81, 

1.19 

5 

1.04 

0.85,  1.27 

0.90 

0.74,  1 .09 

1.08 

0.89,  1.32 

1.07 

o 

bo 

00 

1.29 

Bromoform 

1 

2 

Reference 

1.32 

1.08,  1.60 

Reference 

1.15 

0.95,  1.39 

Reference 

1.11 

0.91,  1.35 

Reference 

1.14 

0.94, 

1.38 

3 

1.21 

0.99,  1.48 

1.08 

0.89,  1.31 

1.05 

0.86,  1.28 

1.00 

0.82, 

1.23 

4 

1.10 

0.90,  1.35 

1.05 

0.86,  1.28 

1.08 

0.89,  1.31 

1.20 

0.99, 

1.46 

5 

1.16 

0.94,  1.41 

1.01 

0.83,  1.23 

1.16 

0.95,  1.40 

1.01 

CO 

00 

o 

1.23 

DBCMf 

1 

2 

Reference 

0.98 

0.81,  1.19 

Reference 

0.92 

0.77,  1.12 

Reference 

1.07 

0.87,  1.30 

Reference 

0.95 

0.79, 

1.15 

3 

0.91 

0.75,  1.11 

0.87 

0.72,  1.05 

1.19 

0.98,  1.45 

0.84 

0.69, 

1.02 

4 

0.92 

0.75,  1.11 

0.90 

0.75,  1.09 

1.13 

0.93,  1.38 

0.92 

0.76, 

1.12 

5 

0.96 

0.79,  1.17 

0.85 

0.70,  1.04 

1.15 

0.95,  1.41 

0.90 

0.74, 

1.09 

BDCMf 

1 

2 

Reference 

1.05 

0.87,  1.27 

Reference 

1.02 

0.84,  1.23 

Reference 

0.99 

0.81,  1.21 

Reference 

0.92 

0.76, 

1.12 

3 

0.96 

0.79,  1.17 

0.96 

0.79,  1.16 

1.09 

0.89,  1.32 

1.04 

0.86, 

1.25 

4 

1.07 

0.89,  1.30 

1.00 

0.83,  1.22 

1.09 

0.90,  1.32 

0.92 

0.76, 

1.12 

5 

0.97 

0.80,  1.18 

0.90 

0.74,  1.10 

1.11 

0.92,  1.35 

0.98 

0.81, 

1.19 

*  Controlled  for  Kessner  Index,  marital  status,  teen  birth,  birth  at  age  >35  years,  and  tobacco  use  during  pregnancy, 
f  TTHM,  total  trihalomethane;  OR,  odds  ratio;  Cl,  confidence  interval;  DBCM,  dibromochloromethane;  BDCM,  bromodichloromethane. 


typically  biases  results  toward  the  null.  Additionally,  the 
trihalomethanes  and  haloacetic  acids  are  not  the  only  by¬ 
products  of  chlorine  degradation.  Other  products,  such  as 
haloacetic  nitriles  and  by-products  that  have  yet  to  be  char¬ 
acterized,  are  frequently  found  in  surface  water  supplies 
treated  with  chlorine,  albeit  in  a  much  lower  concentration 
than  TTHM  and  HAA5  (14).  Therefore,  any  observed  asso¬ 
ciation  might  not  be  directly  caused  by  TTHM  or  HAA5 
but  instead  by  other  CDBPs.  The  multicollinear  nature  of 
these  by-products  frequently  makes  it  difficult  to  discern  the 
most  important  exposure  agent. 

Our  lack  of  a  consistent  significant  effect  may  be  due  to 
an  actual  lack  of  an  effect  of  CDBPs  on  IUGR,  a  problem  of 
exposure  misclassification  in  our  study  population,  or  a  lack 


of  power  in  our  study  sample.  Dodds  et  al.  (19)  and  Jaakola 
et  al.  (36)  found  no  effect  of  CDBPs  on  measures  of 
IUGR.  Dodds  et  al.  discuss  the  possibility  that  potential 
misclassification  of  CDBP  levels  (i.e.,  applying  sampling- 
point  levels  to  all  in  the  area)  may  have  led  to  an  inability  to 
detect  any  association.  These  authors  also  state  that  if  the 
risk  of  growth  retardation  were  elevated  even  at  the  lowest 
observed  CDBP  levels,  then  a  minimal  effect  would  be  ev¬ 
ident  when  comparing  low  with  high  exposure  levels,  which 
would  also  have  prevented  us  from  finding  an  effect  in  this 
study.  Jaakola  et  al.  did  not  find  an  effect  when  looking  at 
high-color  and  low-color  chlorinated  water.  However,  they 
did  not  measure  actual  CDBP  levels,  nor  did  they  adjust  for 
confounders. 
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TABLE  4.  Adjusted  odds  ratios  (95%  Wald  confidence  intervals)*  for  trimester-specific  and  total  gestational  exposure  to  quintiles  of 


HAA5f  (A/  = 

10,038)  in  four  regions  of  a  Maryland  county,  1998-2002 

Exposure  and 
quintile 

Entire  pregnancy 

First  trimester 

Second  trimester 

Third  trimester 

ORf 

95%  Wald  CI+ 

OR 

95%  Wald  Cl 

OR 

95%  Wald  Cl 

OR 

95%  Wald  Cl 

HAA5 

1 

Reference 

Reference 

Reference 

Reference 

2 

1.08 

0.84,  1.38 

1.19 

0.94,  1.50 

1.03 

0.81,  1.31 

1.29 

1.01,  1.66 

3 

1.23 

0.97,  1.55 

1.16 

0.92,  1.47 

0.98 

0.77,  1.25 

1.41 

1.11,  1.81 

4 

1.10 

0.86,  1.40 

0.96 

0.75,  1.23 

1.06 

0.83,  1.34 

1.15 

0.89,  1.49 

5 

0.94 

0.73,  1.20 

0.88 

0.69,  1.13 

0.98 

0.77,  1.24 

1.34 

1.04,  1.71 

CAAf 

1 

Reference 

Reference 

Reference 

Reference 

2 

1.06 

0.84,  1.35 

1.03 

0.81,  1.31 

1.03 

0.81,  1.32 

0.83 

0.65,  1.06 

3 

1.17 

0.92,  1.48 

1.12 

0.88,  1.41 

1.27 

1.00,  1.61 

0.94 

0.75,  1.19 

4 

1.00 

0.78,  1.27 

1.03 

0.81,  1.31 

1.11 

0.87,  1.42 

0.95 

0.75,  1.20 

5 

0.94 

0.74,  1.20 

0.91 

0.71,  1.16 

1.10 

0.87,  1.40 

1.00 

0.79,  1.26 

DCAAf 

1 

Reference 

Reference 

Reference 

Reference 

2 

1.13 

0.89,  1.45 

1.23 

0.98,  1.55 

1.00 

0.79,  1.28 

1.14 

0.89,  1.46 

3 

1.23 

0.97,  1.56 

1.04 

0.82,  1.32 

1.00 

0.78,  1.27 

1.29 

1.02,  1.64 

4 

1.14 

0.90,  1.46 

0.92 

0.72,  1.17 

1.12 

0.88,  1.41 

1.06 

0.83,  1.37 

5 

0.96 

0.75,  1.24 

0.89 

0.70,  1.14 

0.96 

0.75,  1.22 

1.27 

0.99,  1.61 

TCAAf 

1 

Reference 

Reference 

Reference 

Reference 

2 

1.10 

0.86,  1.40 

1.01 

0.80,  1.28 

1.01 

0.80,  1.28 

1.30 

1.01,  1.65 

3 

1.08 

0.85,  1.38 

0.96 

0.76,  1.23 

0.98 

0.78,  1.25 

1.34 

1.05,  1.71 

4 

1.09 

0.85,  1.38 

1.00 

0.79,  1.27 

0.98 

0.77,  1.24 

1.21 

0.94,  1.55 

5 

0.97 

0.76,  1.24 

0.83 

0.65,  1.06 

0.95 

0.75,  1.20 

1.20 

0.94,  1.54 

BAAf 

1 

Reference 

Reference 

Reference 

Reference 

2 

1.13 

0.90,  1.43 

0.74 

0.58,  0.93 

1.23 

0.96,  1.57 

0.87 

0.68,  1.10 

3 

0.98 

0.77,  1.24 

0.89 

0.71,  1.11 

1.30 

1.02,  1.65 

0.97 

0.77,  1.23 

4 

1.11 

0.87,  1.40 

0.83 

0.65,  1.04 

1.30 

1.02,  1.66 

0.95 

0.75,  1.21 

5 

0.92 

0.72,  1.18 

0.78 

0.62,  0.99 

1.05 

0.82,  1.35 

1.07 

0.85,  1.35 

DBAAf 

1 

Reference 

Reference 

Reference 

Reference 

2 

0.88 

0.70,  1.12 

0.83 

0.66,  1.04 

1.09 

0.86,  1.39 

0.87 

0.68,  1.11 

3 

0.96 

0.76,  1.21 

0.90 

0.72,  1.13 

1.05 

0.82,  1.34 

0.99 

0.78,  1.26 

4 

0.93 

0.73,  1.17 

0.78 

0.62,  0.98 

1.14 

0.90,  1.44 

1.10 

0.87,  1.39 

5 

0.84 

0.66,  1.07 

0.74 

0.58,  0.94 

1.00 

0.79,  1.28 

1.05 

0.83,  1.33 

*  Controlled  for  Kessner  Index,  marital  status,  teen  birth,  birth  at  age  >35  years,  and  tobacco  use  during  pregnancy, 
f  HAA5,  five  haloacetic  acids;  OR,  odds  ratio;  Cl,  confidence  interval;  CAA,  chloroacetic  acid;  DCAA,  dichloroacetic  acid;  TCAA,  trichloroacetic 
acid;  BAA,  bromoacetic  acid;  DBAA,  dibromoacetic  acid. 


Studies  by  Kramer  et  at.  (20),  Bove  et  al.  (18),  Gallagher 
et  al.  (21),  and  Wright  et  al.  (22)  all  showed  a  positive 
association  between  CDBP  exposure  and  fetal  growth  re¬ 
striction,  but  some  of  these  results  should  be  interpreted 
with  caution.  As  mentioned  previously,  Kramer  et  al.  ap¬ 
plied  exposure  levels  to  births  occurring  2  years  after  the 


CDBP  was  measured  (during  a  drought)  in  an  attempt  to 
allow  for  proper  control  of  potential  maternal  confounders 
not  available  from  birth  certificate  data  during  previous 
years.  However,  doing  so  may  have  led  to  inappropriate 
estimations  of  exposure.  Bove  et  al.  were  unable  to  evaluate 
smoking  or  alcohol  consumption  as  potential  confounders. 
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TABLE  5.  Adjusted  odds  ratios  (95%  Wald  confidence 
intervals)*  for  a  threshold  analysis  of  CDBPsf  showing 
a  pattern  of  elevated  risk  for  third-trimester  exposures  in  four 
regions  of  a  Maryland  county,  1998-2002 


CDBP  and 
cutpoint  (ppb) 

Adjusted  ORf 

95%  Wald  Clf 

TTHMf 

70 

1.10 

0.94,  1.30 

75 

1.46 

0.97,  1.36 

80 

1.11 

0.91,  1.36 

85 

1.13 

0.91,  1.39 

Chloroform 

35 

1.05 

0.93,  1.19 

40 

1.07 

0.94,  1.22 

45 

1.09 

0.94,  1.26 

50 

1.10 

0.93,  1.30 

Bromoform 

0.35 

1.12 

0.93,  1.34 

0.45 

1.15 

0.91,  1.46 

0.55 

1.11 

0.87,  1.41 

0.65 

1.11 

0.87,  1.42 

DBCMf 

5 

1.17 

0.97,  1.41 

7 

1.15 

0.91,  1.46 

9 

1.13 

0.88,  1.46 

11 

1.18 

0.90,  1.46 

BAAf 

0.6 

1.05 

0.90,  1.22 

0.7 

1.09 

0.94,  1.27 

0.8 

1.09 

0.93,  1.28 

DBAAf* 

0.7 

1.05 

0.90,  1.22 

0.8 

1.11 

0.95,  1.29 

0.9 

1.06 

0.90,  1.25 

DCAAf 

14 

1.23 

1 .03,  1 .48 

15 

1.23 

1 .04,  1 .45 

16 

1.12 

0.96,  1.31 

17 

1.03 

0.88,  1.20 

*  Controlled  for  Kessner  Index,  marital  status,  teen  birth,  birth  at 
age  >35  years,  and  tobacco  use  during  pregnancy. 

f  CDBPs,  chlorine  disinfection  by-products;  OR,  odds  ratio;  Cl, 
confidence  interval;  TTHM,  total  trihalomethane;  DBCM,  dibromo- 
chloromethane;  BAA,  bromoacetic  acid;  DBAA,  dibromoacetic  acid; 
DCAA,  dichloroacetic  acid. 


The  study  by  Gallagher  et  al.  had  the  potential  for  selection 
bias  because  births  for  which  there  were  no  quarterly  tri¬ 
halomethane  concentrations  were  excluded.  Additionally, 
for  exposure  data  in  each  of  these  studies,  quarterly  mea¬ 
sures,  at  most,  were  used  as  a  surrogate  for  CDBP  exposure, 


with  some  measures  occurring  only  once  a  year.  From 
figures  1  and  2,  it  is  apparent  that  such  infrequent  measures 
may  significantly  over-  or  underestimate  potential  prenatal 
exposure. 

Like  all  previous  studies  evaluating  CDBPs  and  growth 
retardation,  we  used  a  surrogate  measure  for  exposure  clas¬ 
sification.  Single  exposure  levels  were  assigned  to  mothers 
living  in  zip  codes,  which  corresponded  to  the  water  utility’s 
point  measures.  No  data  were  collected  on  actual  maternal 
exposure  to  CDBPs.  Our  exposure  assignment  assumed  that 
the  majority  of  the  exposure  occurred  at  the  residence  as 
opposed  to  other  locales  such  as  the  workplace.  Addition¬ 
ally,  we  assumed  that  the  mother’s  residence  at  the  time  of 
delivery  was  the  same  as  that  throughout  the  pregnancy  and 
that  the  mother  drank  tap  water.  It  is  expected  that  this 
method  resulted  in  some  exposure  misclassification.  While 
this  misclassification  would  likely  have  been  nondifferen¬ 
tial,  it  would  have  the  effect  of  biasing  toward  the  null,  in¬ 
creasing  the  opportunity  for  type  II  error.  Ideal  assessment 
of  an  individual’s  exposure  would  include  frequent  measure¬ 
ments  of  CDBPs  at  the  tap,  as  well  as  a  thorough  assessment 
of  all  domestic  water  uses  including  drinking,  showering, 
cooking,  and  so  forth,  similar  to  the  methodology  used  by 
Swan  et  al.  (37). 

The  positive  findings  in  this  study  may  have  also  been  the 
result  of  chance  due  to  multiple  exposure  comparisons.  By 
evaluating  multiple  CDBP  exposures  during  each  trimester 
as  well  as  over  the  entire  pregnancy,  we  increased  our  po¬ 
tential  for  making  a  type  I  error.  Additionally,  the  collinear- 
ity  of  the  CDBP  constituents  makes  it  difficult  to  determine 
whether  one  or  all  of  the  constituents  are  responsible  for  the 
observed  effects.  In  such  an  early  phase  of  environmental 
epidemiologic  research,  this  type  of  problem  is  difficult  to 
avoid,  and  the  results  of  this  study  must  be  evaluated  in  the 
context  of  subsequent  studies  with  more  defined  exposure 
hypotheses. 

Our  sample  size  was  limited  by  the  study  period,  our 
inclusion  criteria  for  exposure,  and  available  outcome  stan¬ 
dards.  The  use  of  post  hoc  power  calculations  to  determine 
whether  a  study  was  underpowered  is  inappropriate  and  has 
been  well  contested  (38-41).  Instead,  we  focused  on  the 
confidence  intervals  for  our  point  estimates,  as  suggested 
by  Thomas  (41).  For  the  majority  of  our  exposures,  our 
confidence  intervals  included  1,  indicating  our  inability  to 
rule  out  no  effect.  However,  our  confidence  intervals  also 
included  adjusted  odds  ratios  similar  to  those  reported  in 
previous  studies,  indicating  a  potential  slightly  increased 
risk  of  IUGR  for  infants  whose  mothers  are  exposed  to  high 
levels  of  CDBPs. 

We  were  able  to  account  for  only  15-21  percent  of  the  risk 
of  IUGR  when  the  primary  exposure  and  predictor  variables 
were  included  in  this  model.  Although  our  final  model  was 
not  built  with  the  intention  of  explaining  all  risk  factors  for 
IUGR  (i.e.,  we  did  not  overbuild  the  model),  it  appeared  to  fit 
the  data  well  (Hosmer-Lemeshow  goodness-of-fit  test,  p  > 
0.05  (dependent  upon  the  exposure  being  modeled)).  Of  the 
models  showing  the  highest  risk  of  IUGR  because  of  CDBP 
exposure,  the  population  attributable  fraction  due  to  CDBP 
exposure  was  relatively  low  (1-5  percent),  with  confidence 
intervals  including  zero.  However,  if  this  small  effect  is  real, 


Am  J  Epidemiol  2005;162:334-344 


Chlorine  Disinfection  By-products  and  Fetal  Growth  343 


it  is  important  because  even  a  small  effect  could  potentially 
have  a  large  impact  on  a  population  given  the  high  preva¬ 
lence  of  exposures  to  chlorination  by-products.  Furthermore, 
the  health  effects  of  IUGR  are  real  and  important. 

Small-for-gestational-age  neonates  are  at  an  increased 
risk  of  significant  morbidity  and  mortality  during  the  early 
stages  of  life.  In  addition  to  numerous  metabolic  abnormal¬ 
ities,  such  infants  are  at  an  increased  risk  of  fetal  distress  and 
infections  (30).  Although  infants  small  for  gestational  age 
frequently  become  equal  in  size  to  those  born  not  small  for 
gestational  age  within  the  first  year  of  life,  they  have  a  sig¬ 
nificant  increased  risk  of  being  short  as  adults  (30).  Addi¬ 
tionally,  small-for-gestational-age  infants  may  be  more 
likely  to  experience  impaired  glucose  tolerance  and  reduced 
beta-cell  and  pancreatic  function  later  in  life  (30). 

Our  assessment  of  population  attributable  fractions  found 
that  risk  factors  such  as  marital  status  and  access  to  adequate 
prenatal  care  are  important  and  potentially  modifiable,  and 
that  they  warrant  attention  to  reduce  the  burden  of  disease 
associated  with  IUGR.  Furthermore,  although  tobacco  use 
was  found  to  have  a  relatively  low  population  attributable 
fraction,  such  use  is  likely  underestimated  in  self-reported 
birth  data  (42),  and  tobacco  use  by  pregnant  women  should 
also  be  addressed  to  reduce  the  risk  of  IUGR. 
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